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ABSTRACT Viral tropism and transmission of herpesviruses are best studied in their
natural host for maximal biological relevance. In the case of alphaherpesviruses, few
reports have focused on those aspects, primarily because of the few animal models
available as natural hosts that are compatible with such studies. Here, using Marek’s
disease virus (MDV), a highly contagious and deadly alphaherpesvirus of chickens,
we analyze the role of tegument proteins pUL47 and pUL48 in the whole life cycle
of the virus. We report that a virus lacking the UL48 gene (vΔUL48) is impaired in
growth in cell culture and has diminished virulence in vivo. In contrast, a virus lack-
ing UL47 (vΔUL47) is unaffected in its growth in vitro and is as virulent in vivo as the
wild-type (WT) virus. Surprisingly, we observed that vΔUL47 was unable to be hori-
zontally transmitted to naive chickens, in contrast to the WT virus. In addition, we
show that pUL47 is important for the splicing of UL44 transcripts encoding glyco-
protein gC, a protein known as being essential for horizontal transmission of MDV.
Importantly, we observed that the levels of gC are lower in the absence of pUL47.
Notably, this phenotype is similar to that of another transmission-incompetent mu-
tant ΔUL54, which also affects the splicing of UL44 transcripts. This is the first study
describing the role of pUL47 in both viral transmission and the splicing and expres-
sion of gC.

IMPORTANCE Host-to-host transmission of viruses is ideally studied in vivo in the
natural host. Veterinary viruses such as Marek’s disease virus (MDV) are, therefore,
models of choice to explore these aspects. The natural host of MDV, the chicken, is
small, inexpensive, and economically important. MDV is a deadly and contagious
herpesvirus that can kill infected animals in less than 4 weeks. The virus naturally in-
fects epithelial cells of the feather follicle epithelium from where it is shed into the
environment. In this study, we demonstrate that the viral protein pUL47 is an essen-
tial factor for bird-to-bird transmission of the virus. We provide some molecular basis
to this function by showing that pUL47 enhances the splicing and the expression of
another viral gene, UL44, which is essential for viral transmission. pUL47 may have a
similar function in human herpesviruses such as varicella-zoster virus or herpes sim-
plex viruses.
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Herpesviruses are complex viruses both in their structure and in their life cycle. They
are strongly adapted to their natural host and the specific cell types that they

naturally infect. Unraveling the molecular basis of this adaptation is made difficult by
the numerous different proteins encoded by this family of viruses. To finely study the
cellular tropism of a virus requires to use complex ex vivo methods such as organoids
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or in vivo methods. In the latter case, the most relevant information for herpesviruses
is obtained when the natural host is used. In this regard, veterinary herpesviruses are
models of choice. Gallid Herpesvirus 2 (GaHV2), commonly named Marek’s disease virus
(MDV), is an avian alphaherpesvirus of chickens. It induces a highly contagious and
deadly disease characterized by the appearance of tumors, mostly in the viscera of
infected animals. These tumors are T-cell lymphomas originating from virally trans-
formed T lymphocytes, which are the site of latency for MDV. The natural life cycle of
MDV starts with the virus entering the host through the respiratory route from where
it infects macrophages, B and T cells. In cells where the virus establishes latency (mostly
CD4� T cells), the genome is found integrated into cellular DNA (1, 2). MDV also
displays a strong tropism for epithelial cells from the feather follicle epithelium (FFE). In
this compartment, efficient viral lytic replication leads to the formation of infectious
viral particles, which are shed as dander in the environment as early as 7 days
postinfection (3). Unlike most of the other herpesviruses, the shed virus is stable and
remains infectious for several weeks, complicating the disinfection of contaminated
litter. Chickens are now protected from the disease thanks to the continuous use of
vaccines since the late 1960s. Although these vaccines prevent the appearance of the
tumors and the subsequent death of the animals (for reviews, see references 4 and 5),
they do not prevent the reinfection. Therefore, they may contribute to the spread and
evolution of wild-type (WT) strains of MDV toward increasing levels of virulence (6).
Unlike most vaccines, the preparation of MDV vaccines consists essentially of infected
primary cells rather than purified particles, because MDV is avidly cell associated. In this
context, the development of a new generation, cell-free vaccine that can prevent MDV
spread and evolution of WT strains is essential. Central to this challenge is the FFE.
Unlike cell culture or lymphoid cells, which display a limited number of essentially
nonenveloped cytosolic capsids, epithelial cells from the FFE can produce numerous
infectious cell-free particles which are fully enveloped (7–11). Lack of envelopment in
non-FFE cells may indicate that one or several viral components are missing or not
functional in these cells. Tegument proteins are known to be important for the
envelopment of herpesviruses.

The pUL47 (or VP13/14) protein is an abundant protein in the tegument of model
alphaherpesviruses such as human herpes simplex virus 1 (HSV-1) or pseudorabies virus
(PrV) (12, 13). It is a viral determinant of skin tropism for varicella-zoster virus (VZV), a
human alphaherpesvirus biologically related to MDV (14). Interestingly, MDV pUL47 is
strongly expressed in the FFE of infected chickens, whereas it is poorly expressed in
other tissues and cultured cells (15–17). pUL48 (or VP16) is another tegument protein
with similar properties. pUL48 is a known transcription factor of herpesviruses with
many functions in regulating the lytic cycle or reactivation from latency (18–22). Here,
we investigate the role of these two proteins in the tropism of MDV for the skin and the
FFE and the subsequent horizontal transmission of the virus. To this aim, we obtained
viruses unable to encode one or the other protein and characterized them in vitro and
in vivo.

RESULTS
In vitro growth properties of MDV mutants lacking the UL47 or the UL48 genes.

It was previously shown that neither UL47 nor UL48 is essential for the in vitro growth
of the cell-adapted strain Bac20 of MDV in primary chicken embryonic skin cells (CESCs)
or quail muscle cells (QC7) (23). As we aimed at identifying a possible role of pUL47 and
pUL48 in skin tropism, mutants with a complete deletion of either gene were engi-
neered by en passant recombination of a bacterial artificial chromosomes (BAC) con-
taining the complete genome of a very virulent strain (vvRB-1B) of MDV. The removal
in the BAC of the entire UL47 gene or the UL48 gene yielded BACs pΔUL47 and pΔUL48,
respectively. Each deletion was confirmed by RFLP, followed by pulse-field electropho-
resis and by PCR (Fig. 1A). In addition, to ensure that no second site mutations occurred
during the recombination process, the complete genomes of pΔUL47 and pΔUL48, as
well as the parental pRB1B, were sequenced using the Illumina MiSeq platform (Fig. 1B
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and C). This confirmed that the UL47 and UL48 genes were wholly deleted and that no
relevant additional mutations were present (see Materials and Methods for details).
Following the transfection of purified BACs pΔUL47 and pΔUL48 into CESCs, infectious
virus (vΔUL47 and vΔUL48, respectively) could be recovered, confirming that neither
gene is essential for MDV replication. Measurement of plaques size on CESCs showed
that plaques of vΔUL47 were 88% of the size of the plaques of the parental virus vRB1B,
whereas plaques of vΔUL48 were only 30% the size of the parental virus (Fig. 2A and
B). Similar results were observed with chicken keratinocytes, with a median plaque size
of vΔUL47 of 94% of the size of the plaques of vRB1B and a median size of vΔUL48
plaques of 37% of the size of vRB1B plaques (Fig. 2A and C). As in CESCs, the mild
difference of size between vRB1B and vUL47 plaques was not statistically significant.
Altogether, these data indicate that vΔUL48 is impaired in its growth in CESCs and
keratinocytes, while the growth of vΔUL47 is not significantly affected.

In vivo replication of v�UL47 and v�UL48. In order to assess the role of pUL47
and pUL48 in MDV’s tropism for the skin, 3,000 PFU of the respective null viruses, as
well as the parental vRB1B virus, were inoculated by the intramuscular route to 10
White Leghorn chickens of 2 weeks of age. Five naive contact chickens were added to

FIG 1 Genomic characterization of vΔUL47 and vΔUL48. (A) Restriction fragment length polymorphism analysis of BACs pRB1B, pΔUL47, and pΔUL48. Purified
BAC DNA was digested with XhoI and examined for the absence of an 1,818-bp band indicative of the deletion of the UL47 and UL48 genes (green arrows).
The absence of the larger UL47 gene is also shown by the shift of a 3.8-kb band to 3.2 kb (red arrows). Note that this shift is absent in the vΔUL48 BAC. (B and
C) List of all differences observed between the sequence of pRB1B and pΔUL47 (B) and pΔUL48 (C). Many of the putative mutations listed here are common
artifacts linked to the multiple homopolymeric repeats present in the genome. The deletions in UL36 listed at positions 78879 in pΔUL48 and 78993 in pΔUL47
were absent from the corresponding BAC, as assessed by Sanger sequencing of these regions. Note that many mutations being present in inverted repeated
regions, including insertions of telomeric sequences in a-like sequences, they are present twice. ND, not determined; Hyp protein, hypothetical protein; SNP,
single nucleotide polymorphism. *, RB-1B reference genome accession number EF523390.
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each group to test for the horizontal transmission of the virus. As shown in Fig. 3A, the
mortality and the kinetics of disease were similar between animals inoculated with
vRB1B or vΔUL47, with 100% mortality reached at 46 and 49 days postinoculation,
respectively, and median survivals of 29 and 28.5 days. This shows that pUL47 is not
a factor of virulence. In addition, at necropsy, all animals had tumors, indicating that
pUL47 is not necessary for tumorigenesis. In contrast, only 65% of vΔUL48-inoculated
chickens died by the end of the experiment (78 days postinoculation; median survival,
55 days), and all of these animals had tumors. The surviving animals showed no
symptoms of the disease and had no tumors at the end of the experiment. However,
viral genomes could be detected in their blood as early as 21 days postinoculation (Fig.
3B and Fig. 4A). Moreover, the first animals with symptoms of Marek’s disease appeared
later when infected with vΔUL48 (36 days postinoculation) than with vΔUL47 (26 days)
or vRB1B (24 days). Of note, animals that died of the vΔUL48 infection showed minimal
symptoms before their death or none that could be noticed. Altogether, these results
show that pUL48 is not necessary for tumorigenesis but contributes to the virulence of
the virus.

pUL47 and pUL48 are not necessary for the skin tropism of MDV. During the
first 4 weeks of the experiment, blood and growing feathers were collected from the
animals every week, and the presence of viral genomes was assessed using PCR and
qPCR. Figure 4 shows the results obtained during the first 3 weeks of the experiment
(50% of animals inoculated with vRB1B and vΔUL47 were dead by week 4). The kinetics
of viral replication and viral loads were globally similar between animals infected with
vRB1B and vΔUL47. Viral loads in the blood of vΔUL47-infected animals were even 2.2
and 3.3 times higher than for vRB1B-infected animals at 7 and 14 days postinfection
(dpi), respectively, indicating that UL47 is dispensable for initiating the infection. At
21 days postinoculation, the medians of viral loads were 5.7 � 105 and 1.9 � 106

copies/million cells, respectively, in the blood (Fig. 4A, red and blue boxes) and
1.6 � 107 and 6.4 � 106 copies/million cells in feathers (Fig. 4B, red and blue boxes). In

FIG 2 Growth characteristics of vΔUL47 and vΔUL48 in comparison to vRB1B in CESCs and keratinocytes. The area
of individual plaques of vRB1B, v�UL47, and vΔUL48 viruses on CESCs or keratinocytes were measured 4 dpi. (A)
Viral plaques were visualized using a cocktail of MAbs directed against ICP4, VP22, and gB. (B and C) A minimum
of 50 plaques was measured for each virus. The results are shown as box plots for CESCs (B) or keratinocytes (C).
Significant differences in the median of plaque areas were determined using a Wilcoxon-Mann-Whitney test. ns, not
significant (P � 0.5); ****, P � 0.0001. Scale bars, 200 �m.
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comparison, the viral load of vΔUL48-infected animals at 21 days postinoculation in the
blood and feathers were very low: 3 � 104 and 1.9 � 105 copies/million cells, respec-
tively (Fig. 4, green boxes). There was no significant difference in the number of viral
genomes found at 21 dpi in the blood of vΔUL48-infected chickens between animals

FIG 3 In vivo replication of vΔUL47 and vΔUL48 in comparison to vRB1B after muscular inoculation. (A)
Ten 2-week-old white Leghorn chickens were inoculated with 3,000 PFU of vRB1B, v�UL47, or v�UL48.
The percentages of surviving animals are shown for vRB1B (WT, red line), v�UL47 (blue line), and v�UL48
(green). (B) DNA was extracted from PBMCs of animals inoculated with vΔUL48 and was analyzed by PCR
for the presence of the viral genome at 21 dpi. Actin was used as a loading control. Chicken identification
numbers with an asterisk indicate animals that survived until the experiment terminated. Of note, one
animal in the v�UL48 group died 2 days postinoculation, possibly of a wound contracted at the foot.

FIG 4 Viral genome loads in the blood and feathers of inoculated chickens. (A and B) DNA was extracted from
PBMC (A) or feathers (B) of chickens inoculated with vRB1B (in red), vΔUL47 (in blue) or v�UL48 (in green) at 7, 14,
and 21 days postinoculation. Viral genomes were quantified by real-time quantitative PCR, and their numbers are
indicated per million of cells. In addition, viral genome loads were quantified in PBMCs obtained at 44 days
postinoculation from the four surviving �UL48-infected chickens. Significance of differences between the median
viral loads in v�UL47- or v�UL48-infected birds and those in vRB1B-infected birds were determined using a
Wilcoxon-Mann-Whitney test. ns, not significant (P � 0.5); **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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that died and those which survived the infection. Surviving birds had no tumors and
had viral genome numbers ranging from 1,380 to 5,130 copies/millions of cells at
45 days postinoculation (Fig. 4A, dark green box). These numbers were lower than
those observed in the blood of all vΔUL48-infected birds in the course of infection,
including as early as 7 dpi, suggesting that viral replication was under control in the
surviving birds. These numbers confirm that viral replication in the blood and feather
epithelia of vΔUL48-infected birds was impaired, whereas that of vΔUL47 is comparable
to vRB1B. These numbers also confirm that both pUL47 and pUL48 are dispensable for
the tropism of MDV for the skin.

Horizontal transmission of MDV is strongly impaired or absent in the absence
of pUL48 or pUL47, respectively. Out of the five naive chickens added to each group
of 10 inoculated chickens, four of them showed symptoms and were euthanized in the
vRB1B group between days 50 and 56 postinoculation (Fig. 5A). The lone surviving
animal had multiple tumors at the end of the experiment, and it was probably destined

FIG 5 Horizontal transmission of vRB1B, vΔUL47, and vΔUL48. (A) Five noninfected chickens per group were housed together with the
inoculated chickens at the time of viral inoculation (D0). The percentages of surviving animals are shown for vRB1B (WT, red line),
�UL47, and �UL48 animals (purple line). (B) The PBMCs of surviving �UL48-inoculated animals, as well as of all contact animals, were
analyzed by PCR for the presence of the viral genome at 44 days postinoculation. Actin was used as a loading control. (C) The amount
of viral genomes was determined by qPCR from DNA extracted from the dust accumulated during 1 week (between 21 and 28 dpi)
and collected from the three different isolators.
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to die. In contrast, none of the contact chickens from the vΔUL47 or the vΔUL48 group
died, and none of them presented clinical symptoms or tumors by the end of the
experiment. PCR and qPCR analysis failed to detect viral genomes in the blood of these
animals at 28, 44, 58, and 71 dpi, except in one bird from the vΔUL48 group (positive
from 44 dpi and quantified at 6,600 copies/million cells in the blood at 71 dpi) (animal
43 in Fig. 5B). In order to determine whether the absence of viral transmission was due
to poor or absent viral excretion from the inoculated animals, dust samples were
collected from all isolation units at 21 dpi and total DNA was extracted. qPCR analysis
showed that viral loads were very high and similar in the dust from units containing
birds shedding vRB1B (9.22 � 107 copies/million cells) and vΔUL47 (7.25 � 107 copies/
million cells) units (Fig. 5C). In contrast, viral loads in the dust from units containing
vΔUL48-infected birds were more than 60 times lower than that observed in units
containing vRB1B shedding birds (1.46 � 106 copies/million cells). This is congruent
with the small amounts of viral genomes found in vUL48-infected birds. In conclusion,
the absence of transmission of vUL47 could not be directly linked to an absence of viral
excretion from infected birds.

Deletion of UL47 affects the splicing of UL44 transcripts. The UL47 gene product
could be either directly involved in horizontal transmission, or its deletion could affect
the expression of other genes known to be essential for transmission such as UL13,
UL54, or UL44 (24–27), encoding a viral kinase, regulatory protein ICP27, and glyco-
protein gC, respectively. To test this, RNAs were extracted from CESCs or keratinocytes
infected with vRB1B, vΔUL47, or vΔUL48. Initially, RT-PCR was carried out with primers
specific for UL47 neighboring genes to verify that the deletion had no impact on their
expression. As shown in Fig. 6A, the expression of UL46 and UL48 was unaffected by the
deletion of UL47 in both cell types. In subsequent RT-PCR experiments, the expression
of other transmission-related genes, UL13 and UL54, remained unaffected in cells
infected with vΔUL47. This was not the case for the expression of UL44 transcripts.
Previously, it has been reported that three different transcripts exist due to the
existence of two spliced forms (Fig. 6B): one transcript lacking 104 nucleotides after
splicing (referred to as “UL44-104” here), one lacking 145 nucleotides (“UL44-145”), and
the unspliced transcripts (“UL44-full”) (28). While UL44-full encodes full-length gC
(“gC-full”), the splicing of UL44 transcripts lead to two different frameshifts, resulting in
two truncated forms of gC (“gC-104” and “gC-145”) lacking the transmembrane domain.
All three forms of gC are important for horizontal transmission of MDV since the
expression of any one of them alone results in poor transmission (28). A pair of primers
encompassing the splicing sites was designed to detect all three forms (Fig. 6B). In
contrast to UL13 and UL54, the profile of UL44 transcripts differed in vΔUL47-infected
cells compared to vRB1B or vΔUL48-infected cells. In vΔUL47-infected cells, the un-
spliced transcripts of UL44 (UL44-full) were more abundant than in the other infected
cells (Fig. 6A). In order to quantify this observation made on both cell lines, primers
specific for each of the three types of transcripts were designed, as well as primers
specific for the total UL44 transcripts. These primers were used to quantify the relative
abundance of all types of UL44 transcripts by RT-qPCR (Fig. 7). This confirmed that the
unspliced transcripts of UL44 were more abundant in CESCs in the absence of UL47
(�84%), whereas the amount of UL44-104 and UL44-145 spliced transcripts decreased
(�45% and �33%, respectively). Similarly, an increase of unspliced UL44 transcripts
was observed in keratinocytes in the absence of UL47 (�63%), but no significant
change was detected for the spliced forms. In cells infected with vΔUL48, changes were
mild and nonsignificant. These results show that the splicing of UL44 is impaired in the
absence of pUL47 but not in the absence of pUL48.

Splicing of UL44 transcripts is also regulated by ICP27, another viral gene
involved in horizontal transmission. ICP27 is a viral protein with a well-characterized
role in the regulation of splicing of cellular pre-mRNAs. More specifically, ICP27 can
inhibit splicing (29) or regulate alternative splicing of cellular (30) or viral (31) tran-
scripts. Interestingly, it was recently demonstrated that ICP27 is necessary for horizontal

pUL47 Is Essential for Transmission of MDV Journal of Virology

January 2021 Volume 95 Issue 2 e01645-20 jvi.asm.org 7

https://jvi.asm.org


transmission of MDV and the production of gC (27). However, the splicing of UL44 in
the absence of ICP27 was not investigated. Since both pUL47 and ICP27 are involved
in transmission and because pUL47 is involved in the splicing of UL44 transcripts, we
compared the functions of ICP27 and pUL47 in the splicing of UL44 transcripts.

FIG 6 Expression profiles of viral genes in cells infected with vRB1B, vΔUL47, or vΔUL48. (A) RNA was extracted from primary CESCs
or chicken keratinocytes that were either mock infected or infected with vRB1B, v�UL47, or v�UL48. After cell lysis, RNA was extracted
and used for RT-PCRs using primers to detect the UL46, UL47, UL48, UL44, UL13, and UL54 (ICP27). In addition, primers were used to
detect cellular GADPH transcripts as a loading control and viral capsid protein gene UL35 as a control for infection levels. Reactions
without reverse transcriptase [RT(–)] were also carried out to control for the absence of DNA contamination (here shown for UL44).
(B) Splicing of the UL44 transcripts and associated predicted proteins. UL44 primers used for RT-PCR assays, as shown in panel A, are
indicated in red. Two overlapping introns (104 and 145 bp) are present within the UL44 gene with a common acceptor site (A) and two
donor sites (D1/D2). Splicing of these introns yields two transcripts of 1,402 and 1,361 bp, respectively, containing one frameshift each. The
translation of these transcripts (UL44-104 and UL44-145) is expected to result in two truncated proteins of similar size but with differing
C-terminal sequences (gC-104 and gC-145). The truncated proteins do not contain the transmembrane domain and are secreted.
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We engineered a new virus named vΔUL54, which lacks the complete open reading
frame (ORF) of the ICP27-coding UL54 gene in the backbone of the RB-1B BAC. It has
been shown previously that ICP27 is dispensable for MDV growth in vitro, although it
forms plaques that are �50% smaller than the parental virus (27).

RNAs were purified from CESCs infected with vRB1B or vΔUL54 and RT-PCR was
carried out using the primers encompassing the regions specific for the three forms of
UL44. As shown in Fig. 8A, the expression of genes neighboring UL54 (i.e., UL53 and
L-ORF9), as well as UL13 and UL47, were unaffected by the deletion of UL54. However,
the distribution of the different UL44 transcripts was altered by the mutation as we
observed an increase of UL44-145 transcripts (�30%) and a decrease of unspliced
transcripts (�22%) in the absence of ICP27 compared to vRB1B-infected cells (Fig. 8B).
UL44-104 transcripts levels were not affected. Since ICP27 is an efficient splicing
regulator of cellular and viral genes, we checked whether ICP27 was sufficient for the
modulation of the splicing of UL44 transcripts. To this aim, we used ESCDL-1 cells,
which are derived from chicken embryonic stem cells and are fully permissive to MDV
(32), and efficiently transfected by standard methods, as opposed to primary CESCs.
Transfection was done using plasmids encoding gC, ICP27, and/or pUL47. Expression of
UL44 from a plasmid resulted in all three transcripts, albeit with proportions differing
from what was observed in infected CESCs: the levels of UL44-104 and UL44-145 were
roughly similar and lower than those for the unspliced transcripts (Fig. 8C). Interest-
ingly, UL44-145 transcripts could not be detected by RT-PCR in cells transfected with
the ICP27-coding plasmid (lanes 2 and 4). In contrast, expression of UL47 did not alter
the pattern of expression of all three transcripts. RT-qPCR assays showed that levels of
UL44-145 were reduced by 58% and those of unspliced UL44 were increased by 22%
in the presence of ICP27 compared to cells transfected with the UL44 plasmid alone
(Fig. 8D). This result mirrors what was observed in infected CESCs and confirms that
ICP27 inhibits the splicing of UL44 transcripts that results in the UL44-145 form.

pUL47 and ICP27 are important for gC expression and/or stability. Since gC is
essential for transmission, we measured the impact of the absence of pUL47 on the
production of gC. In infected CESCs, most of gC is secreted and is therefore almost
undetectable from cell lysates (28). However, the treatment of cells with brefeldin A
(BFA), a drug that blocks the transport of secreted proteins (33), allows for the
accumulation of the secreted form of gC in cells and its subsequent detection. Cells
were infected for 4 days with vRB1B, vΔUL47 or a virus unable to produce gC (vΔgC).
At 6 h before harvesting, the cells were left untreated or treated with 10 �g/ml of BFA.
Western blot analysis of cell lysates using the A6 monoclonal antibody (MAb) specific
for gC showed the presence of a single band of apparent molecular weight of �55 kDa

FIG 7 Quantification of the different UL44 transcripts in vΔUL47 and vΔUL48-infected CESCs or keratinocytes
relative to vRB1B-infected cells. The same samples as in Fig. 6 were used to quantify the relative abundances of the
three different forms of the UL44 transcripts by RT-qPCR using primers specific for each form. The abundance of
each transcript form was normalized to the quantities of total UL44 transcripts. These normalized quantities in
v�UL47 and v�UL48 were then quantified relative to the WT (red line) (no variation � 0%). The experiment was
done three times in triplicates. Error bars indicate standard deviations. The significance of differences was
determined using a paired two-tailed Student t test on ΔCq values. *, P � 0.5; ***, P � 0.001.
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that was particularly visible in lysates from vRB1B-infected cells treated with BFA (Fig.
9A). The expected apparent molecular weight for secreted MDV gC in cell culture is 57
to 65 kDa (34), making it likely that secreted gC was detected in these Western blots.
Importantly, the amount of gC blocked in cells by BFA in vΔUL47-infected cells

FIG 8 ICP27 is another viral gene involved in horizontal transmission that affects splicing of UL44 transcripts. (A) RNA
was extracted from primary CESCs that were either mock infected or infected with vRB1B or v�UL54 and used for
RT-PCRs using primers to detect the UL53, UL54, L-ORF9, UL13, UL47, and UL44 transcripts. In addition, primers were
used to detect cellular GADPH transcripts as a loading control and viral capsid gene UL18 as a control for infection levels.
Reactions without reverse transcriptase [RT(–)] were also carried out to control for the absence of DNA contamination
(here shown for UL44). (B) RT-qPCR quantification of the UL44 transcripts using primers specific for each form. The
abundance of each transcript form was normalized to the quantities of total UL44 transcripts. These normalized
quantities in v�UL54 were then quantified relative to the vRB1B levels (no variation � 0%). The experiment was done
three times in triplicates. Error bars indicate standard deviations. Significance of differences was determined using a
paired two-tailed Student t test on ΔCq values. **, P � 0.01; ***, P � 0.001; ns, not significant. (C) RNA was extracted from
ESCDL-1 cells that were transfected with plasmids encoding gC and ICP27 and/or pUL47. RT-PCR was carried out using
primers encompassing all three forms of UL44 transcripts as described in Fig. 6B. (D) The cDNA obtained under two
conditions (gC alone) (condition 1) and (gC�ICP27) (condition 2) were used to quantify the different UL44 transcripts
using primers specific for each form. The abundance of each transcript form was normalized to the quantities of total
UL44 transcripts. These normalized quantities under condition 2 (gC�ICP27) were then quantified relative to the levels
under condition 1 (gC alone) (no variation � 0%). The experiment was done three times in triplicates. Error bars indicate
standard deviation. Significance of differences was determined by using a paired two-tailed Student t test on ΔCq values.
**, P � 0.01; ****, P � 0.0001; ns, not significant.
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represented only 26% of the amounts in vRB1B-infected cells. The same experiment
was carried out using vΔUL54-infected cells and no secreted gC could be detected in
those cells (Fig. 9B), which is in agreement to the observation by Ponnuraj et al. (27).
These experiments show that in the absence of pUL47, the amount of secreted gC is
sharply reduced in cell culture, and they confirm that in the absence of ICP27, secreted
gC is undetectable.

DISCUSSION

Investigating the role of viral proteins in host-to-host transmission of herpesviruses
is only possible in animal models where the virus infects its natural host. In this regard,
MDV is ideal because its natural host, the chicken, is small and can be used in relatively
large numbers. Moreover, MDV is highly infectious and contagious with a short life
cycle (30 to 45 days for very virulent strains), thus facilitating experimental design
requirements. Here, we unraveled the importance of two tegument proteins in hori-
zontal transmission of the virus. Although transmission of vΔUL48 is strongly impaired
(one contact bird out of five infected), the role of pUL48 in horizontal transmission
cannot be directly compared to that of pUL47. Indeed, birds inoculated with vΔUL48
showed strong attenuation of viral replication, contrary to birds inoculated with
vΔUL47. The median of survival was high (55 days) compared to the vRB1B or vΔUL47
groups (less than 30 days), and viral loads were constantly low in the blood of these
animals. Importantly, surviving vΔUL48-inoculated animals showed low viral loads in
the blood as late as 44 dpi. This strongly suggests that viral replication was attenuated
in these birds. pUL48 (also called VP16) is a known factor of reactivation for alphaher-

FIG 9 Expression of gC in CESCs infected with vΔUL47, vΔUL54, vΔgC, and vRB1B. Primary CESCs were infected
with vRB1B, v�UL47 (A), v�UL54 (B), or a virus that did not express gC (v�gC). At 6 h before harvesting, the cells
were treated or not with 10 �g/ml brefeldin A (BFA) to block the secretion of gC and concentrate it within the cell.
Cell lysates were analyzed by Western blot with MAb A6 against gC, MAb H18 against VP5, and an anti-tubulin
antibody. Viral protein quantities were normalized to the amount of VP5, and the levels of gC in v�UL47 and
vΔUL54 samples were calculated relative to the levels in the vRB1B sample. Tubulin was used as a loading control.
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pesviruses (21). It is therefore likely that its absence impairs with viral reactivation from
latency and that the low viral loads observed in the blood of surviving birds represent
latent genomes. In addition to triggering reactivation, VP16 is an important viral
transactivator, which is either essential (HSV-1 [35]) or very important (PrV [36]) for
replication of some other alphaherpesviruses. In its absence, viral replication is ex-
pected to be low as was observed in vitro and in birds inoculated with vΔUL48. Thus,
it is possible that the poor horizontal transmission of vΔUL48 may be due to a low
quantity of infectious viruses produced by inoculated birds or that the attenuation of
the virus makes it unable to efficiently replicate in the respiratory tract of newly infected
chickens to initiate a new viral cycle. The small amounts of viral genomes found in the
dust of the incubator housing the vUL48-inoculated birds (1.46 � 106 copies per million
cells as opposed to 7.25 � 107 copies/million cells for vUL47) supports the first postu-
late.

pUL47, on the other hand, has never been shown to our knowledge as a transmis-
sion factor or a transactivation factor of herpesviruses, although it is a virulence factor
of BHV-1 in cattle (37). Its known functions are in the export of nuclear capsid (HSV-1
[38]), skin tropism (VZV [39]), and the regulation of the immune response (BHV [40]).
Our study here excludes the role of MDV pUL47 in skin tropism since high viral loads
in the skin were statistically similar between vΔUL47 and vRB1B-infected birds. More-
over, the growth of vΔUL47 was not impaired in vitro (Fig. 2) and was not attenuated
in vivo (Fig. 3), in contrast to vΔUL48. This is surprising for a protein which has been
described as a major tegument component in other alphaherpesviruses (12, 41–43).
Interestingly, although viral loads in feathers were as high in vΔUL47-infected birds as
in vRB1B-infected birds, we repeatedly failed to detect viral genomes in the blood of
vΔUL47 contact chickens despite a high number of genomes detected in the dust of
their isolation unit. This remarkable finding indicates that UL47 encodes a function that
is either directly relevant for bird-to-bird viral transmission or affects the activity of host
or viral proteins involved in this transmission. In testing the second hypothesis, we
discovered that pUL47 plays an important role in the splicing of UL44 transcripts, a
function that was not described until now. In the absence of pUL47, the amount of
spliced products of UL44 decreased, while the amount of unspliced products increased,
i.e., pUL47 enhances the splicing of UL44 transcripts. UL44 encodes glycoprotein gC, a
protein essentially known as dispensable in cell culture for herpesviruses (44–46), which
facilitates adsorption of viral particles onto cells by binding to heparan sulfates (47). Its
other roles include immune modulation (48, 49) and, more importantly, it is necessary
for horizontal transmission, as shown with MDV (28). Three differently spliced forms of
the UL44 transcripts have been described. The unspliced form encodes the full-length
protein, whereas the two spliced forms encode truncated versions that lack the
transmembrane domain and are therefore secreted (28). It was demonstrated that the
expression of any one of these three forms alone results in poor transmission, indicat-
ing that the balance of expression between each form of gC is important for efficient
viral transmission (28).

In the course of this study, we were unable to detect full-length gC, a result
compatible with previous reports showing that more than 94% of gC is secreted in cell
culture (34, 50). Brefeldin A was used to disrupt the secretory pathway and to accu-
mulate the secreted isoform of gC in cells. This showed that secreted gC migrated as
an �55-kDa protein, in line with previous biochemical characterizations (50).

Since the absence of pUL47 leads to a defect in the splicing of UL44 transcripts, a
decrease in the production of secreted gC, which is produced out of the translation of
the spliced transcripts, was expected. We indeed observed a decrease of secreted gC in
cells that amounted to up to 74% compared to vRB1B. Because gC is essential for viral
transmission, it is possible that the small amounts of gC produced in the absence of
pUL47 may be below the minimum threshold required for efficient viral transmission.

In an effort to understand whether horizontal transmission and splicing of UL44 are
linked, we tested the importance of another viral gene, UL54, that encodes the
“splicing” protein ICP27 for its effect on the splicing of UL44. We show that the absence
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of UL54 resulted in a modified splicing profile of UL44 transcripts where splicing is more
efficient and leads to an increase in the UL44-145 form and a decrease in the unspliced
transcript. Interestingly, this effect is mirrored in transfected cells where the sole
expression of UL54 results in a strong decrease of the splicing of UL44 transcripts,
leading to the UL44-145 form (Fig. 8). Although pUL47 and ICP27 have opposing effects
on the splicing of UL44, it is significant that both proteins contribute to the correct
splicing of UL44 transcripts and that their deletion results in poor or absent expression
of the secreted forms of gC, ultimately resulting in the lack of horizontal transmission.
It remains to be determined whether the altered splicing pattern of UL44 directly
and/or solely causes the complete absence of transmission.

For VZV, it has been reported that the ectodomain of gC (which would correspond
to the secreted forms of gC produced by the spliced transcripts of UL44) binds and
potentiates chemokine activity, thus contributing to the enhancement of T-cell migra-
tion to the site of infection (51). This is particularly important in the first steps of
infection when viral particles of MDV or VZV enter the body and need to find target
cells to latently infect (B and T cells for VZV and MDV). One hypothesis linking the role
of MDV pUL47 and ICP27 in the efficient splicing of UL44 and its role in horizontal
transmission is that in the lung of newly infected animals, the splicing of UL44 in the
absence of pUL47 or ICP27 is particularly inefficient, leading to the production of small
amounts of the secreted forms of gC. The reduction in the levels of the chemokine-
potentiating form of gC may result in an aborted infection due to the inability to locally
recruit T cells.

Although never reported so far to our knowledge, a role for pUL47 in RNA splicing
is in line with previous reports in various alphaherpesviruses describing its interaction
with RNA (14, 39, 52–54), splicing-related ICP27 (55), and cellular protein p32, a
component of the SF2 splicing complex (56). It would be of interest to test whether
pUL47 of MDV have similar properties and how this could relate to the splicing of UL44
transcripts, the expression of gC, and the subsequent horizontal transmission of the
virus.

MATERIALS AND METHODS
Plasmids. All recombinant bacterial artificial chromosomes (BACs) used in this study were

derived from the repaired pRB-1B BAC previously described (24, 25). The UL47, UL48, or UL54 open
reading frame (ORF) was deleted using the two-step Red recombination technology (57), yielding
BACs pRB1B-ΔUL47, pRB1B-ΔUL48, and pRB1B-ΔUL54, respectively, named pΔUL47, pΔUL48, and
pΔUL54 here. The sequences of the primers used for mutagenesis, PCR, RT-PCR, and quantitative PCR
are listed in Table 1.

Plasmids used for testing the specificity of the primers used in RT-qPCR to detect the unspliced form
of UL44 only were constructed by cloning the three different RT-PCR products obtained using the UL44
screening primers on primary skin cells cDNA (as shown in Fig. 6B) into the pGEM-T-Easy vector
(Promega). These plasmids were subsequently sequenced to determine what form of the UL44 tran-
scripts was cloned. The plasmid thus obtained with unspliced UL44 was termed “gCfull plasmid,” and the
plasmid obtained with UL44 missing the 145-bp intron was termed “gC145 plasmid.”

The UL47 and UL54 ORFs were amplified from pRB1B using specific primers and cloned into
pcDNA3-V5 using restriction sites EcoRI/NotI and EcoRI/XhoI, respectively. The resulting plasmids were
named pV5-UL47 and pV5-UL54 and encoded their respective proteins with the V5 tag at the N terminus
of the viral protein. The UL44 ORF was cloned into pEGFP-N1 between the EcoRI and BamHI sites, yielding
plasmid pgC-GFP. Protein expression upon transfection was controlled by Western blotting (data not
shown).

Cells and viruses. Primary chicken embryonic skin cells (CESCs) were obtained from 12-day-old,
specific-pathogen-free White Leghorn embryos as described previously (58) and maintained in William’s
modified E medium containing 1.5% chicken serum and 1% fetal calf serum. These cultures contain
mainly dermal fibroblasts and some myoblasts. Chicken keratinocytes derived from chicken embryonic
stem cells were used, maintained, and infected as previously described (59, 60). ESCDL-1 cells are derived
from chicken embryonic stem cells and have been characterized and previously validated for MDV
replication (32). These cells, which are fully permissive to MDV, can be efficiently transfected by standard
methods such as lipofection, as opposed to primary skin cells. A total of 106 cells were transfected using
5 �l of Lipofectamine 2000 (Thermo) and 0.5 �g of each plasmid. The cells were lysed for RNA extraction
24 h later.

Recombinant viruses were all derived from the cloned genome of the very virulent strain RB-1B. They
were obtained after transfection of 5 � 106 CESCs with 4 �g of recombinant infectious genomes cloned
as BACs by electroporation using the Amaxa Nucleofector apparatus (program 024) with the basic
Nucleofector kit for primary mammalian fibroblasts (Lonza). After 4 days of incubation, viral plaques were
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observed. Viruses obtained from the repaired pRB1B BAC, the pΔUL47, pΔUL48, and the pΔUL54 BACs
were named vRB1B, vΔUL47, vΔUL48, and vΔUL54, respectively.

The vΔgC virus was derived from the original unrepaired RB-1B BAC in which mutations are present
in genes RLORF1, UL13, UL44 (gC), and Us6 (gD) (24, 25, 61, 62) that result in frameshifting (RLORF1) and
the usage of alternative start codons (UL13, UL44, and Us6). These mutations do not alter viral replication
in cell culture, as described earlier (61), and the virus was therefore used as a gC-negative control.

The viruses used in this study were all derived from recombineered BACs and were not passaged
more than three times and only in CESCs.

Antibodies. The following primary MAbs were used: anti-gC MDV (clone A6) (63), anti-VP5 MDV
(clone F19 and clone H18) (23), anti-gB MDV (clone K11) (24), anti-VP22 MDV (clone B17) (64), anti-ICP4
MDV (clone E21) (24), and anti-alpha tubulin (clone DM1A, Sigma).

Western blotting. For Western blot assays, cellular extracts were obtained by resuspending the cell
pellet (approximatively 3 � 106 cells) in 90 �l of phosphate-buffered saline and adding of 30 �l of 4�
Laemmli buffer. Then, 12 �l was loaded on a 10% SDS-PAGE gel. Proteins were transferred onto Porablot
nitrocellulose membranes (Macherey-Nagel), which were probed with MAbs against MDV VP5, gC, or
alpha-tubulin. Horseradish peroxidase-conjugated goat anti-mouse antibody (Sigma) was used for
secondary detection in combination with the Immobilon Western HRP substrate (Millipore). Quantifica-
tion on Western blots was done using the plotting function of ImageJ software.

Plaque assays. CESCs or keratinocytes seeded in 6-well plates were infected with 100 or 15,000 PFU,
respectively, of vRB1B, vΔUL47, or vΔUL48. Cells were fixed 4 days later with 4% paraformaldehyde and
then permeabilized with 0.1% Triton X-100. The cells were next blocked using 1% of bovine serum
albumin (Fraction V; GE Healthcare) for 20 min at room temperature. Plaques were labeled using a mix
of monoclonal antibodies directed against gB, ICP4, and VP22 and Alexa Fluor 488-conjugated goat
anti-mouse secondary antibodies (Molecular Probes). Images of at least 50 plaques per condition were
obtained on an Axiovert 200M inverted microscope (Zeiss) using a 5� Fluar long-distance objective
(NA � 0.25). The size of plaques was determined manually using Axiovision LE64 software (release 4.9.1;
Zeiss).

Deep sequencing of BACs and control of putative deletions. (i) Sequencing. The nucleotide
sequences of the repaired pRB1B BAC and the pΔUL47 and the pΔUL48 BACs were determined using the
Illumina MiSeq platform. Paired-end library preparation was performed by standard Illumina methods.
The BAC DNA was sheared and size-fractionated to 500 bp in length and ligated to Illumina adapters with
a unique barcode per sample. Each library was generated using the Illumina TruSeq Nano LT sample
preparation kit, according to the manufacturer’s instructions. The quality and quantity of the DNA were
assessed using an Agilent DNA high-sensitivity series ChIP assay and the Qubit BR dsDNA assay
(Invitrogen). Libraries were standardized to 2 nM, and paired-end sequencing was performed on an
Illumina MiSeq using version 2 kits to generate ca. 1 to 3 million 150-nucleotide paired-end reads per
sample. Residual adapter-containing reads were removed, and reads were trimmed from the 3= to a
median Phred score of 30 and a minimum length of 50 nucleotides.

(ii) Sequence assembly. Read preprocessing and de novo assembly were performed using workflows
run with Nextflow v18.10.1.5003 (65). Briefly, raw reads were quality-checked using FastQC v0.11.7 (66)
and trimmed using Trim Galore v0.4.5 (67) (minimum quality � 8, minimum trimmed length � 40,
stringency � 4). Host sequence removal was performed using the BBDuk tool of the BBTools package
v.38.06 (68) (k � 35, hdist � 0). Digital normalization was performed using the BBNorm tool from BBTools
(tgtcov � 75, minabund � 4, fixspikes�t). De novo assembly was performed using MIRA v4.9.6 (69) (the
parameter file is available upon request). Circularization was performed using a modified Minimus2 script
(70) from the AMOS package. Manual finishing was performed using Staden Gap5 v2.0.0b11 (71).
Annotation was performed using an in-house avian herpesvirus-specific pipeline.

(iii) Control of mutations. In order to determine whether the putative mutations observed by
deep-sequencing were genuine, primers were designed to encompass the area of interest (Table 1). A
PCR was carried out using pRB1B, pΔUL47, and pΔUL48 as the templates, and the PCR products were
cloned into the vector pGEM-T-Easy (Promega). Six individual Escherichia coli colonies per condition were
analyzed by colony PCR. One or two products per construct were sent for Sanger sequencing. The results
are listed in Fig. 1B and C. For the UL36 deletions, different inserts were found. The inserts with the
highest molecular weight were indeed the expected full-length sequence, while the shorter products
represented various deletions of the repeated motif of the region (AAGCCGGAGAGGGCTTGG). These
deletions did not correspond to those found in the deep sequencing files. In addition, the A/T and A/G
single nucleotide polymorphisms (SNPs) observed at positions 78898 and 78924 in pΔUL47 were absent
from our Sanger analysis. We concluded that the repeated region of UL36 is a source of errors either for
polymerases or for deep sequencing and that the deletions and SNPs in UL36 observed by deep
sequencing for pΔUL47 and pΔUL48 are unlikely to be genuinely present in the BACs. Most of the other
additional mutations were localized in homopolymeric stretches, regions that are not accurately se-
quenced using next-generation sequencers. Some were confirmed by Sanger sequencing, but they were
localized in regions of the genome that do not encode known proteins. Insertions in the a-like sequence
represent additional telomeric repeats which are naturally variable in number in MDV genomes (72) and
are thus unlikely to contribute to the phenotypes of vΔUL47 and vΔUL48.

DNA isolation and quantification of viral genomes by TaqMan qPCR. Venous occipital sinus
blood samples were collected into tubes containing 3% sodium citrate. Peripheral blood mononuclear
cells (PBMCs) were isolated using density gradient centrifugation on MSL (Eurobio, France). The DNA
extractions were performed using the DNA purification “blood or body fluids spin” protocol of the
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TABLE 1 Oligonucleotides used in this study

Primer Role Sequence (5=–3=)
dUL47_for Deletion of the UL47 ORF AAACGGCGTAGTTTTGATAACAGTATGCTGGTAGCACATTCCACCGAAGAAG

GATGACGACGATAAGTAGGG
dUL47_rev Deletion of the UL47 ORF AAATGCCATTATTCTACATCCGGAGTAAAAGTCCCGCCCTCTTCCCTACGTCT

TCGGTGGAATGTGCTACCAGCATACTGTTATCAAAACTACGCCGTTTACAA
CCAATTAACCAATTCTGATTAG

dUL48_for Deletion of the UL48 ORF TTAAAAACTAGTACATATATATCTTATCTACTCATTATTGTATAGTGTGA
AGGATGACGACGATAAGTAGGG

dUL48_rev Deletion of the UL48 ORF TATAGTTTCGTTCTGCCAACTCACCATCATACTAATAGACAAATACCTC
CTCACACTATACAATAATGAGTAGATAAGATATATATGTACTAGTT
TTTAAACAACCAATTAACCAATTCTGATTAG

dUL54_for Deletion of the UL54 ORF CTCAAGTGTACCTAATGGACTATTATCTATATCAAGATTAAACAAAA
AAAAGGATGACGACGATAAGTAGGG

dUL54_rev Deletion of the UL54 ORF AGAAGAAATTGTGTAGAATACTAAATATAGGATGTCTTTTAGATAAC
TATTTTTTTTGTTTAATCTTGATATAGATAATAGTCCATTAGGTACAC
TTGAGACAACCAATTAACCAATTCTGATTAG

UL51_checkF Detection of viral genomes CTGTACGTTCTAGCCAATGATTG
UL51_checkR Detection of viral genomes GCTTGGATCCCAATAGCCGATAAC
332-bactinTLVI_S Detection of chicken beta-actin gene

(cellular genomes)
CATCACCATTGGCAATGAGAGG

333-bactinTLVI_R Detection of chicken beta-actin gene
(cellular genomes)

GCATACAGATCCTTACGGATATCC

UL46_RTf Detection of UL46 transcripts GTTGATCTCCCGGGAACTCG
UL46_RTr Detection of UL46 transcripts GCCATTGACAACATGTCCAC
UL47_RTf Detection of UL47 transcripts GGAGAACACTTGTAGAAGCG
UL47_RTr Detection of UL47 transcripts GAATGTCATAATTAATCGGCG
UL13_RTf Detection of UL13 transcripts CTGAGTTACTTATGACATTG
UL13_RTr Detection of UL13 transcripts CACATCGAACCTGGATTTCAGG
gE_RTf Detection of Us8 transcripts GTTGGAGATACTAAATGCTAGCC
gE_RTr Detection of Us8 transcripts CATAAATCGTGACGAACTTGC
Us1_RTf Detection of Us1 transcripts CCGAGGACGCAGCGATTGGGTG
Us1_RTr Detection of Us1 transcripts GTCAGATAATGAGAGCGACGACG
ICP27_RTf Detection of UL54 transcripts GGTCCTCAGATAACATGGGAG
ICP27_RTr Detection of UL54 transcripts CATTCTCCAGGTACATAGTC
UL48RT_checkF Detection of UL48 transcripts GAAGTCAGAACCCAATCTATTC
UL48RT_checkR Detection of UL48 transcripts GTCGCTGTGATACATCCCGCG
gC-RTPCRf2 Detection of all forms of UL44 transcripts GAGCTACGTTGGTTTCTACAATAAC
gC-RTPCRrev2 Detection of all forms of UL44 transcripts CATAGGGCAGTCATGATTATCC
ggGAPDH_f Detection of chicken GAPDH transcripts GTGAAAGTCGGAGTCAACGGATTTG
ggGAPDHr2 Detection of chicken GAPDH transcripts GGCCAAGGGTGCCAGGCAGTTGG
UL35_RT_f Detection of UL35 transcripts CTCGTGCATCATCCCAACAGGC
UL35_RT_r Detection of UL35 transcripts CGTCGATATATCATCATCTGAC
gC145RTPCR_4ntF Detection of 145-bp spliced UL44 transcripts only

(qPCR)
CTATCCCGACGGTCTCT

gC-RTPCRrev3 Detection of UL44 transcripts (qPCR) CTTCATCGAAGGGGTAGCC
gC-RTPCRr104� Detection of 104-bp spliced UL44 transcripts only

(qPCR)
GGTCCGGCAGAGACCCATC

gC-RTPCR-FLf Detection of unspliced UL44 transcripts only (qPCR) GCAATATGTACTATAGAATGTGTCC
gC-RTPCR-FLr Detection of unspliced UL44 transcripts only (qPCR) CCTGTAACCACAGTATTATAAGTTG
UL44GFP_ktrlF Detection of all forms of UL44 transcripts (qPCR) GCCGCATTCCAGTATGGGAC
UL36mut2_checkF Detection of the putative UL36 deletion � SNP GGAAGCAGAAGGAGACTTG
UL36mut2_checkR Detection of the putative UL36 deletion � SNP GTGATCCGATTGATGAAACC
Rep_chck150Kf Sanger control of homopolymeric repetitions in the

150k region
CTCCACAGCATTGTTATACG

Rep_chck150Kr Sanger control of homopolymeric repetitions in the
150k region

CGCGGTTAATGTTTGCTGCTC

UL53_RTr Detection of UL53 transcripts CGCCCAAACAATGCAATTTG
UL53_RTf Detection of UL53 transcripts GGCTCAGTGTCTTTGTCTAGCG
RLORF9_RTr Detection of R-LORF9 transcripts GATGGCCCTGAAATTGCACGAAC
RLORF9_RTf Detection of R-LORF9 transcripts CTGTGTTCCAGGAATAAAACC
UL18_RTf Detection of UL18 transcripts CAAATGCCCCCTCCTACCAG
UL18qPCR_r Detection of UL18 transcripts CGCTTTTATATTGGCAGGGC
Telo_check2F Detection of telomeric repeats in a-like sequence GGGATGTGGTCTACGAACCGG
Telo_check2r Detection of telomeric repeats in a-like sequence GGAGCTGCCGCCAAACTTGTGCC
Seq_3045f Sanger control for mutation in position 3045/136487 GCGCATGCGCAGATACACTCC
Seq_3045r Sanger control for mutation in position 3045/136488 GAACTGTCGGTGCCGGTACG

(Continued on next page)
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QIAamp DNA minikit (Qiagen, Germany). Incubation time with proteinase K at 56°C was extended from
10 min to 2 h to increase DNA yield.

The feather tips of approximatively three to four growing feathers were manually collected, and DNA
was extracted using the “tissues protocol” of the QIAamp DNA minikit (Qiagen). Samples were incubated
overnight at 56°C with proteinase K to ensure efficient lysis.

DNA concentrations were measured with a NanoDrop spectrophotometer.
Real-time PCR was performed using TaqMan technology, as previously described (73, 74). Both iNos

and the ICP4 probes were tagged with FAM-BHQ1. All qPCR analyses were performed independently
with 250 ng of DNA, 10 pmol of each gene-specific primer, 5 pmol of the gene-specific probe in a 20-�l
volume on a CFX96 Real-Time C1000 Touch thermal cycler (Bio-Rad, Marnes-la-Coquette, France). The
results were analyzed using the CFX Manager software (version 3.1; Bio-Rad). For each sample, viral DNA
(based on ICP4 gene) and cellular DNA (based on iNos) were quantified independently in triplicates. The
positive cutoff points corresponded to 568 copies for ICP4 and 57 copies for iNos. For each sample, the
number of MDV genome copies was calculated per 106 cells.

RNA isolation and RT-(q)PCR. RNA from cultured cells was purified using a NucleoSpin RNA Plus kit
(Macherey-Nagel) according to the manufacturer’s instructions.

Reverse transcription was carried out using 2 �g of DNase-treated RNA, 0.5 �g of oligo(dT) primer,
and 200 U of MMLV-Reverse Transcriptase (Promega) according to the manufacturer’s protocol. After 1
h at 42°C, reverse transcriptase was inactivated at 70°C for 15 min before proceeding to the PCRs.

PCRs were done on 0.5 �l of cDNA in a volume of 25 �l using the GoTaq Flexi G2 Taq DNA
polymerase (Promega) according to the manufacturer’s instructions. All PCRs were performed using the
following program: 3 min of denaturation at 94°C and 30 to 35 cycles of denaturation at 94°C for 30 s,
annealing at 52°C for 30 s, and extension at 72°C for 40 s. A final extension of 5 min was performed at
the end of the program. For cDNA obtained from infected cells, 30 cycles of amplification were used,
whereas for cDNA obtained from tissue, 35 cycles of amplification were used.

The relative abundance of the different forms of UL44 transcripts was determined by SYBR-green-
based quantitative PCR assays (IQ SYBR green Supermix; Bio-Rad) using four pairs of primers specific for
spliced transcripts gC104 (gC-RTPCRr104� and gC-RTPCRf2), gC145 (gC145RTPCR_4ntF and gC-
RTPCRrev3), unspliced UL44 (gC-RTPCR-FLf and gC-RTPCR-FLr), and total UL44 (UL44GFPktrlF and gC-
RTPCR-rev3) (Table 1). Quantification was performed on a Bio-Rad CFX96 Real Time System-C1000 Touch
cycler, and the cycling conditions were as follows: an initial step of 95°C for 5 min, followed by 39 cycles
at 95°C for 15 s and 60°C for 30 s. A final step consisted of incubation from 55 to 95°C, followed by a final
reading of the plate.

Animal experiments. Specific-pathogen-free and MDV maternal antibody-free White Leghorn chicks
(B13/B13 haplotype) of 2 weeks of age were obtained from INRA animal facilities. Animals were separated
into three groups of 15 animals housed in three independent isolation units. Ten animals were
inoculated with the virus, while five other animals were left uninfected (“contacts”) to measure viral
transmission. Animals were inoculated by intramuscular injection of 3,000 PFU of vRB1B, vΔUL47, or
vΔUL48 in 200 �l of William’s E medium. One animal in the vΔUL48 group died 2 days later in the
isolation unit, possibly of a wound contracted at the foot.

Statistics. A two-tailed Wilcoxon-Mann-Whitney test was used for qPCR experiments with small
samples (�30) or experiments where the sample distribution was not Gaussian as determined by a
Shapiro-Wilk test for P � 0.05. A paired two-tailed Student t test was used for RT-qPCR experiments using
the ΔCq obtained between the Cq values of the total UL44 and the Cq values of the transcript (full, 104,
or 145) to be quantified. All statistical analyses were performed using Prism6 software (GraphPad).

Ethical statement. In vivo experiments were carried out according to the guidance and regulation
of the French Ministry of Higher Education and Research (MESR) and the experimental protocol was
approved by the regional ethics committee, CREEA VdL (Comité d’Éthique pour l’Expérimentation
Animale Val de Loire), under number 8723-2017013011386459.

Data availability. The full sequences of pRB-1B, pΔUL47, and pΔUL48 are accessible in GenBank
under numbers MT272733, MT272734, and MT272735, respectively.
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